Background: The tumor microenvironment has recently emerged as a new target of anticancer chemotherapy. Selective activation of anticancer chemotherapy in the tumor microenvironment would further reduce the toxicity of anticancer drugs toward normal tissues. Fibroblast activation protein (FAP) is known to be selectively overexpressed on cancer-associated fibroblasts (CAFs) in the tumor microenvironment. Here, we designed an anticancer chemotherapeutic system based on promelittin, a peptide toxin that is selectively converted from an inactive form to the pore-forming melittin upon cleavage by FAP in the tumor microenvironment. Methods: We conjugated promelittin-containing FAP-cleavable sequences to pegylated phospholipids and anchored them to reduced graphene oxide (rGO) nanosheets. The resulting nanosheets, PL-rGO, were tested for hemolysis and used for doxorubicin delivery. In vitro cocultures and in vivo tumor growth (n ¼ 5 mice per group) with tissue immunostaining were used to test the selective activation of anticancer chemotherapy by FAP expressed on CAFs. Results: FAP-specific hemolytic activity of PL-rGO was observed in cocultures of CAFs and HT29 cells but not in HT29 cells alone. Doxorubicin-loaded PL-rGO (Dox/PL-rGO) showed 3.4-fold greater cell-killing efficacy (compared with free Dox in the CAF/HT29 coculture system, effects that were not observed in HT29 cells alone). Intravenously administered Dox/PL-rGO reduced the growth of HT29 tumors more effectively than other treatments (Dox/PL-rGO: mean ¼ 200.6 mm
tissues. CAFs, which are known to promote tumor growth and invasion (3, 4) , are frequently observed in various human cancers, including breast (5), lung (6) , pancreatic (7) , and colon cancers (8) .
Fibroblast activation protein (FAP) has been reported to be selectively overexpressed on the membranes of CAFs. FAP, a type II integral membrane glycoprotein, is a serine protease of the dipeptidyl peptidase IV family that is uniquely capable of cleaving the Pro-Xxx amino acid bond (9) . Although FAP is not detectable on most normal fibroblasts, it is observed on CAFs in more than 90% of breast (5), lung (6) , and colon carcinomas (8) . This CAF-selective overexpression of FAP can be exploited in the design of a tumor microenvironment-responsive nanotherapeutic agent that is only active after proteolytic degradation by FAP.
Melittin, a water-soluble, 26-amino-acid amphipathic peptide derived from the venom of the honeybee Apis mellifera, is a nonspecific cytolytic peptide that attacks all lipid membranes. Because it is nonspecific, systemic administration of melittin results in toxicity, limiting its therapeutic applicability (10) . This limitation could be circumvented by activating melittin selectively in tumor microenvironments, for example, by FAP, an approach that would require a suitable peptide engineering and delivery system.
Reduced graphene oxide (rGO) nanosheets have received considerable attention for their potential to deliver various anticancer drugs (11) (12) (13) and imaging agents (14) to tumor tissues. Thanks to their planar regions, the surfaces of rGO nanosheets are readily loaded with drugs and various functional surfacecoating materials, such as phospholipid (15) and cholesterol (13) derivatives.
In this study, we sought to design a tumor microenvironment-activated nanomedicine with enhanced anticancer therapeutic efficacy. To take advantage of the selective overexpression of FAP on CAFs, we designed a FAP-activated promelittin lipid derivative (PL) and loaded it onto rGO nanosheets containing doxorubicin (Dox). Here, we tested whether the FAPspecific cleavage of PL by CAFs could activate the anticancer effect of Dox in the tumor microenvironment upon systemic administration of Dox-containing PL-rGO nanosheets.
METHODS

Preparation of PL-rGO Nanosheets
The surface of rGO nanosheets was coated with PL by mixing rGO nanosheets (1 mg/mL) in triple-distilled water (TDW) with an equivalent volume of PL solution (2 mg/mL) at a PL:rGO weight ratio of 2:1. In some experiments, Dox was loaded onto plain rGO or PL-rGO nanosheets. Dox-loaded rGO (Dox/rGO) and Dox-loaded PL-rGO (Dox/PL-rGO) were prepared by adding 1 mL of Dox solution (0.1 mg/mL; Sigma-Aldrich) to 1 mL of rGO or PLrGO nanosheets, respectively, in TDW and incubating for 10 minutes at room temperature. Unloaded free Dox was then removed using a PD-10 desalting column (GE Healthcare, Piscataway, NJ). In Vitro Antitumor Efficacy Study Of Dox/PL-Rgo
Hemolysis Assay
The in vitro antitumor efficacy of Dox delivered on rGO nanosheets was tested using cell viability assays. HT29 cells (3 Â 10 4 cells/well) or HT29 cells plus CAFs, treated with or without siFAP (9 Â 10 4 cells/well), were seeded onto 24-well plates and then treated the next day with PL-rGO or Dox/PL-rGO at a concentration of 12.5 lg/mL rGO and 1 lM Dox. After removing the Dox-containing culture medium, rGO or PL-rGO (rGO concentration, 12.5 lg/mL) was added to the cells. After incubating for three hours, culture media were replaced with fresh media and cells were maintained for 24 hours. Cell viability was measured using a Cell Counting Kit-8 (CCK-8; Dojindo, Tokyo, Japan) or a live cell-staining assay (LIVE/DEAD Viability Assay; Molecular Probes, Eugene, OR).
Assessment of In Vivo Antitumor Activity
The in vivo antitumor efficacy of Dox/PL-rGO was tested using HT29 tumor-bearing mice. Five-week-old female athymic nude mice were subcutaneously injected in the dorsal right side with 5Â 10 6 HT29 cells. When tumor volumes reached 120 mm 3 , mice were intravenously administered Dox (1 mg/kg), PL (10 mg/kg), Dox/rGO (1 mg/kg Dox, rGO 5 mg/kg), PL-rGO (10 mg/kg PL, 5 mg/ kg rGO), or Dox/PL-rGO (1 mg/kg Dox, 10 mg/kg PL, 5 mg/kg rGO) every other day for a total of three injections. Twenty-four days after tumor inoculation, tumor tissues were fixed in 10% formalin and embedded in paraffin blocks for immunofluorescence staining. Antitumor effects were determined by immunostaining tumor tissue sections (4 lm thick) with an anti-FAP or anti-CD133 antibody.
Statistical Analysis
Two-sided analysis of variance (ANOVA), with StudentNewman-Keuls post hoc tests, was used for the statistical evaluation of experimental data. A P value of less than .05 was considered statistically significant. All error bars in the figures represent 95% confidence interval (CIs). All statistical analyses were done using SPSS software (version 23; Chicago, IL).
RESULTS
Design and Characterization of Dox/PL-Rgo Nanosheets
Surfaces of rGO nanosheets were coated with PL and loaded with Dox, as depicted in Figure 1A . A possible working mechanism of Dox/PL-rGO is illustrated in Figure 1B . (Figure 2A) . Zeta potential values, on the other hand, decreased upon surface coating of PL (mean ¼ 9.4 mV, 95% CI ¼ 5.6 to 13.2 mV, P ¼ .001), but increased after loading of cationic Dox onto PL-rGO nanosheets (mean ¼ 18.5 mV, 95% CI ¼ 16.3 to 20.7 mV, P ¼ .02) ( Figure 2B ). The loading efficiencies of PL onto rGO were measured by phosphate assay (16) . The loading efficiencies of PL onto rGO statistically significantly (P < .001) increased as the weight ratios of PL to rGO decreased from 20:1 to 2:1 (Supplementary Figure 1 , avail able online). There were no statistically significant differences (P ¼ .65) in loading efficiencies of PL onto rGO between the ratios of 2:1 (mean ¼ 95.3%, 95% CI ¼ 92.5% to 98.1%) and 1:1 (mean ¼ 94.5%, 95% CI ¼ 92.8% to 96.3%). Thus, a PL-rGO weight ratio of 2:1 was chosen for further experiments in this study.
The adsorption of Dox onto rGO or PL-rGO nanosheets (Dox:rGO weight ratio of 5:1) was complete within one minute ( Figure 2C ). The fluorescence intensity of Dox incorporated into rGO nanosheets decreased to 13% of its original intensity at 60 seconds after physical mixing. Similarly, the fluorescence intensity of Dox incorporated into PL-rGO nanosheets rapidly decreased to 2% of its original intensity at 60 seconds after physical mixing. When Dox was loaded onto rGO or PL-rGO at a Dox:rGO weight ratio of 5:1 for 10 minutes, mean values of Dox loading efficiencies were 96.3% (95% CI ¼ 95.6% to 97.0%) and 97.5% (95% CI ¼ 96.2% to 98.4%), respectively ( Figure 2D ).
FAP Expression-Dependent Hemolytic Activity of PL-Rgo Nanosheets
The expression levels of FAP differed between HT29 cells ( Figure  3A ) and CAFs (17) ( Figure 3B ). Flow cytometry revealed that 90.3% of CAFs were positive for FAP expression ( Figure 3B ), whereas only 5.1% of HT29 cells were FAP-positive ( Figure 3A ). To test whether the promelittin moiety of PL or PL-rGO could be selectively cleaved to pore-forming melittin by exogenous FAP or by FAP expressed on CAFs, we used a mouse red blood cell (mRBC) hemolysis assay. mRBCs were lysed by PL ( Figure 3C ) and PL-rGO ( Figure 3E ) after treatment with FAP, but not after treatment with matrix metalloproteinase (MMP)-9. Compared with untreated cells or MMP9-treated cells, FAP treatment induced statistically significantly greater hemolysis of mRBCs by PL (P < .001) ( Figure 3C ) and PL-rGO (P < .001) ( Figure 3E ). Notably, mRBC lysis by PL (P < .001) ( Figure 3D ) and PL-rGO (P < .001) ( Figure 3F ) was observed in a coculture system of CAFs and HT29 cells, but not with HT29 cells alone.
Cellular Uptake of PL-Rgo Nanosheets in the Presence of FAP-Positive CAFs
To demonstrate enhanced cellular uptake of PL-rGO, we first es- 
In Vitro Anticancer Efficacy of Dox/PL-Rgo Nanosheets
We tested whether the increased uptake of PL-rGO translates to enhanced efficacy of Dox-loaded PL-rGO in vitro. The anticancer activity of Dox/PL-rGO was enhanced in the CAF/HT29 cell coculture system but not in FAP-negative HT29 cells ( Figure 5A) Figure 5D ), but not in HT29 cells alone ( Figure  5B ) or in FAP knockdown CAF/HT29 cells ( Figure 5C ).
Cytotoxicity of Free Dox and Dox/PL-Rgo Nanosheets in Normal Fibroblasts
The differential cytotoxicity of free Dox and Dox/PL-rGO was investigated in normal fibroblasts (19) . were stained with calcein-AM and analyzed by fluorescence microscopy. 
In Vivo Tumor Tissue Accumulation and Penetration of PL-Rgo Nanosheets
We next evaluated the tumor distribution of DSPE-PEG 5000 -Cy5.5 lipid-labeled rGO and PL-rGO following in vivo administration. At 24 hours postdose ( Figure 6A ), the accumulation of fluorescence at tumor sites was greater in mice treated with PL-rGO than in those treated with rGO. This greater fluorescence intensity of fluorescent PL-rGO in tumor tissues was maintained at 72 hours ( Figure 6B ) postinjection. At this latter time point, photon count measurements revealed that the tumor retention of DSPE-PEG 5000 -Cy5.5-labeled PL-rGO nanosheets (mean ¼ 12.3 x 10 3 photon counts, 95% CI ¼ 9.3 to 15.3 x 10 3 photon counts) was three-fold higher than that of DSPE-PEG 5000 -Cy5.5-labeled rGO nanosheets (mean ¼ 4.0 x 10 3 photon counts, 95% CI ¼ 3.2 to 4.8 x 10 3 photon counts) ( Figure 6B ).
The in vivo tumor penetration of DSPE-PEG 5000 -Cy5.5 lipid-labeled rGO and PL-rGO was further evaluated using eXplore Optix imaging with 3D analysis. At one day post dose, a total of eight Z-stack images were captured at a 1 mm interval from the bottom of tumor tissues treated with DSPE-PEG 5000 -Cy5.5 lipid-labeled rGO ( Figure 6C ) or DSPE-PEG 5000 -Cy5.5 lipid-labeled PL-rGO ( Figure 6D ). The ratio of fluorescent Cy5.5-positive z-stack images over total images was greater for DSPE-PEG 5000 -Cy5.5 lipid-labeled PL-rGO (mean ¼ 0.9, 95% CI ¼ 0.7 to 1.0), compared with DSPE-PEG 5000 -Cy5.5 lipid-labeled rGO (mean ¼ 0.5, 95% CI ¼ 0.3 to 0.6).
In Vivo Antitumor Efficacy of Dox/PL-Rgo Nanosheets
The in vivo antitumor efficacy of Dox/PL-rGO was evaluated in an HT29 tumor xenograft model. On day 24 after tumor inoculation, tumor volumes were statistically significantly smaller (P < .001) in mice treated with Dox/PL-rGO (mean ¼ 200. 
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Immunofluorescence staining showed that the anti-CD133-positive HT29 ( Figure 7C ) and anti-FAP-positive CAF ( Figure 7D ) cell population was lowest in tumor tissues of mice treated with Dox/PL-rGO.
In Vivo Toxicity of Dox/PL-Rgo Nanosheets
The in vivo toxicity of Dox/PL-rGO nanosheets was evaluated after a single injection or three repeated injections. Compared with untreated group, there were no statistically significant alterations in blood urea nitrogen (single administration: P ¼ . Tables 1 and 2, available online) .
Discussion
This study demonstrated that PL-rGO is activated by FAP expressed on CAFs in the tumor microenvironment and is capable of enhancing the cellular delivery and antitumor efficacy of Dox. PL, containing an FAP-cleavable peptide sequence, exerted an RBC lysis action following treatment with FAP, but not MMP. Moreover, HT29 cells cocultured with CAFs, but not HT29 cells alone, enhanced the antitumor effects of Dox/PL-rGO compared with Dox/rGO. Dox/PL-rGO was capable of reducing the growth of tumors to a greater degree than other treatments. Dox/PL-rGO was prepared by physical adsorption of Dox and PL onto rGO nanosheets. The high planar surface area of rGO allows the adsorption of fatty acid chains and aromatic drugs, resulting in a high loading capacity (20, 21) . Because promelittin was conjugated to pegylated phospholipid in PL, the phospholipid portion of PL may confer binding affinity to rGO nanosheets through hydrophobic interactions (22) . Dox has been reported to bind rGO nanosheets via p-p stacking interactions ARTICLE (23) . Similar to our observation, a previous study reported that the maximum adsorption of Dox onto GO nanosheets occurred within 1.5 minutes after the addition of Dox (24) . Promelittin is selectively cleaved by FAP to melittin, which in turn lyses RBCs (25) . Unlike FAP, MMP9, which is secreted by CAFs (26), did not support the hemolytic function of PL-rGO. The specific susceptibility of PL and PL-rGO to FAP suggests that activation of PL in the coculture system is attributable to cleavage of promelittin by FAP expressed on CAFs.
In this study, we could not test the in vivo efficacy of free Dox together with PL-rGO in tumor-xenografted mouse model. Because of the rapid adsorption of free Dox onto rGO, physical mixing essentially resulted in the formation of Dox/PL-rGO. In the cell culture system, we could avoid the formation of Dox/PLrGO by sequential treatment with free Dox and PL-rGO. However, the blood circulation of systemically administered Dox would make it difficult to prevent the possible formation of Dox/PL-rGO even after sequential treatment. Nevertheless, our PL-rGO system may have merit in that it enables the selective activation of cytotoxic drugs in the tumor microenvironment, thereby minimizing the side effects of the cytotoxic drug on normal tissues. The tumor microenvironment has recently been reported to express drug-metabolizing enzymes and to contribute to the chemoprotection of tumor cells. In acute myeloid leukemia, the expression of cytochrome p450 (CYP)-26, a retinoid-metabolizing enzyme, in the tumor microenvironment was shown to reduce the activity of all-trans retinoic acid and protect acute myeloid leukemia cells (27) . Expression of CYP3A4 in human bone marrow-derived stromal cells has been shown to reduce the sensitivity of multiple myeloma and leukemia cells to bortezomib and etoposide (28) . An inhibitor of CYP was also shown to overcome the drug resistance of multiple myeloma cells (28) . Compared with free Dox, Dox/PL-rGO is expected to be less susceptible to CYP, owing to lower enzyme accessibility to Dox adsorbed onto rGO nanosheets. The reduced metabolism of Dox on PL-rGO in the tumor microenvironment may result in an increase in the drug sensitivity of tumor cells. Moreover, it is possible that dual loading of Dox and CYP inhibitors on PL-rGO could further enhance the sensitivity of tumor cells to Dox.
One limitation of the Dox/PL-rGO system might be the tumor-type dependence of its selective activation. In this study, we used a colon cancer xenograft model for selective activation of PL-rGO by FAP expressed on CAFs. CAFs are known to be one of the major cell types in the microenvironment of solid tumors (29) . FAP-expressing CAFs have also recently been reported in various hematopoietic tumors, such as multiple myeloma (30, 31) . Because the population of CAFs would differ depending on the type of tumor, the activity of FAP in the tumor microenvironment would be expected to vary, possibly limiting the type of tumors in which Dox/PL-rGO can be selectively activated. Although we tested the in vivo activity of Dox/PL-rGO in a xenografted mouse model, further studies will be needed to confirm the activity of Dox/PL-rGO in the human tumor microenvironment for clinical trials. 
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